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In the development of training equlpment ,_esi_ned to _port the

trajn_n K requ'_,-,ments of the Apollo pro_r%n, _ stud7 of the vnr_ous

spacecraft _li_hh problems has b_sn made:. Th_se stu_ies involve

the com[_l_te l_r.ar mls.[on arid _ncludo lunar environment as well _s

midoourse and earth environment stud%as.

Thr3ug, h the u_t_ 0{" ordinary dynamica and mathematical tec_m[ques,

an effort has beam made to describe the flight of the Apollo vehicle

from lau:_eh U_ lunar orbit _nd rs_urn. Thl3 descript%on is [n_er,ded

to proviie a criteria for analog and d_g[tal computer design.

The desorlutions inclu'led ut_]i_,: standard s'mu!at_on expressions

for fly_n_ vehicles. Much of the data has h_en der[ved_from

formerly proven techniques in mathematical descrlptlon_ wh_-ch have

been used for comp_f.er design crlt<_r[a. Other da_.a _nci_ded has

been obtaLn_'d from NAA preliminary Apollo vehicle analog and digital

computer studies.

It is assum4_ that Ephe_er_-_ data is ava[labie to eStabiish stellar

locations and Earth-Moon and Earth-S_m vecLors for both _v.am[c

and v_sua] considerations. Consequently_ co tables o'_"data are

p r,_sen ted.

Part One includes t/le math models describing the complote mis:_ion

-il -
_t, ^ li I li'l llll, I_ | I_ II1_1" [
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and Part Two _,ti p._eBB_t, in a subm_qu,_nt is:_u,:t);e Co_uter

Mechanlzatlon F_t_onB Cot theBe modeJs,

Subsequently, i,arts of th'.s report will be r,_vtm'd and u:_ed to

e_tabl£sh Ma" ':,._,,m_.cal Models ('or var_ou_ Fha,_os or" the Apol_o

M_,_Bion rL'q}_ired by the Part Task Trainers,

- i!_ -
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fli_ht. _o aerodynamic term_ are imcluded and the mo<_n is not

connidered a triaxial elliDsold, but spherical for simulation purposes.

Similarly, the Midcourse Model sum_q Model II of _i,rth and Lunar

Env_ronmest with nerodT_namlc and oblateness terms eliminated. Epb_mer i-_

d_ta can be included for complete descr1_>tioD,

The Launch EscaFe Pro:_ision Sy_,_t.m Nc.Je[ formul_tes the prrLbul:':_on

,',rid tor,,ues th_% are .dded to the equ; t_ons of motio;_ to produce the

nbort tra!ectories of the vehicle, Th_ is true for cry time durln=

Ia_meh Lmtl] the s-_%em is JettisonS.

• T_e Rende_v_aq Model f01%_lates the reouired traject_e." re:

rezdezvous in ho%h orbits! t_r_nsfer and homin_ phases. C(_m_le%e

napabilitv _s nrov_ded Yor in the _.rth Environmen_ while q_:] emerKencv

_iD_ C_.Oab_}ity is prov:ide_ for in th4_ IAn_a_" K_,_v_ronmert. Hom_u_ is

described as steer/n_ the Perry- ?ehiele to a ,iockir_" position, ,jsinK

either telemetry or visual re_erenoe tecbincue_.

The _uncti0Fn] Blork O_a_ irte "_'_-t_s _I mode!_ into one cohereot

gv_t_m w_ick inch_des all flight p!_ase_ and controls (system vnr-_:ble_! •

The equ tions of motion _x)verning the Apollo sTmcecr:_ft _ "_ '

have been de_e.rib_8 _tbemstlcallv. in all mc_Res of th_ mission, _lor_

with _he vj"t_gl cues required at every point and are _nte_-r::ted _ one

complete swtem.

-- V --

-- -- il_l_t, ll._l i i
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Six M_:tr,ematical Models have been forlm_]ated which describer, tJ_e

ApO][O _Ssio_ _i_ulat_r re_'3/_r_t_. _h@_' _aq be con._ideTed as

Earth and Lunar ETzviron_rents in general, with Lelmch Escape, Midco=Jrse.

Rendezvous. %n_' Visual Modelr_ _nc!uded.

Tw_ models tbr the Earth E_vironment has been e_:tablished which

m'_kes use of s_her_cn] coordinate_ referred to the earth's ceuter.

For each mo_el, th, coe cd._nntes _sed in the translat on _qtt t_ons do not

depend upon the vehieie's an.Mu_lar orientation. _{ence, the com[,onertz of

the vehicle's ve]oci_7 i_ these coordinate systems ca_mot cha_ value

rapidl_ _mle_s the velocity vector of the vehicle changer ::agn_t'_e_ or

direct;on ra:_icilV. This along, w_th p_acin_ the _ul_.r _ran_form,;tion

"K_mbal loc_" in the roll a_es instead of the ;itch _es im['rove _-"co_uuter

,iNnmmic cbarac£_r_stics. The latter allowu tt,_hiln," nf the Aool_o vehicle

_n the p%tch plane uhich will T rovide n better overall sin_ulation of

vehicle flight. Both _,odo]s are suitable for di&,_tal and hybrid annlo_ -

diKital co_:utation. Model I is" preferzed, mainly becmu_e the mathe._tical

ex_re(m]on_ ;_ro lef:s com:,l_x. However, Model I nossesses _. i_deteruinate

:oint w}dch arrises when si.uh,tlon req_lire._ _: "fli_.ht" over'a _,oi_'.

Therefore, _,!e] II sho_Id be uz.ed if" a _,olar or near [:ol:,r flight _s

;J_tlci ;}ated.

The modP] for the Lu_r Fmvironment _s nresented which is smihr

to " ,del I_ of the g_rtn _,v_ronmemt _m_ co_t_ins uo_er t light

_:_._b_ ilties wbi{:h is considered essent_l _,_r emergency renSezvous

- Iv-
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PART O_E

EA_:_ATI CAL

Sect,ion I :

._COPE . . .

APPLICABI,rl TX_._[K_TS

LIST OF SYMBOLS

E_CVJRONM_T .

In_ti_l to earth

a • •

F_rth to earf_h-vehicle _eocentrl c .

F_rtb-ve_qcle R_ocer,trJ c to vehicle _eoce_tric

Vehicle bod_ relative _.o vehicle zeocen_c_c

Vehicle bevy to wind ....

Orbit nlsne re_ativ_ to i.ner_ia],axe_ . •

Vehicle body relativ_ to new-_eocentric.

De_ter}_..i[m_i9__9_O_pcm:tric l_titude an__ Lgnff_t'Jd_e

Mode] Cm,e .....

D_fferor,_i_ul equat.ons for E _ler ar_e-_

Tran_}._t_onal en_tions of motion;. . •

Rotatior_al en_.tions of motl_'II_ . . .

A_le of ,_ttack an_ sideeli.D . .

:tode .....

Differ_ti_] equations for _:ul_r anf'les

Q_ps_l_ition_] eq,l,t_on9 of r,_tion

hoimt_)n_i _'_tiOn._ of motion • . .

Annie or" _ttack and sL_es]ip

Pa_ce
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2
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b_OPE"

This document defines and establishe_ the -_atheaaticaL model._

renu_ire4 for the desiKn of %he Apollo ]41ssJon Simulator. The comv_ete

lunar misszon is ,_eacribed in terms of the various enco_mtered

environmen%s.

An overall functional mode] zs established in terms of operational

eq,uipmen£. ComD_ter _pment in£erfaoe requirements are identified

providlnK a Criterla for susalo_ a.d dlgital systems design.

- I -
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K
L

gr

S!'-%('!-: alld I _.I'lli},_l \TI_ I\ _'-,_- I I- %1"_ I_1% I.-.Icl%

Gravitational force vector of vehicle

Gravational acceleration at E_rths surface

Oravational acceleration at moon's surface

Altitude above _rth'_ s,cv/ace

Altitude above mooI1's surface

A_lar momentum per unit mass (_::/SEC)(Rendezvo,_)

Control force vector

Wit:. appropriate subsorlptB, componertn of F.referLed to selecteo axin

velocity thrtust coefficient (homing)

Inclinst_on (rendezv_)

Unit vectors alor_ the X,Y,Z, axes ree;ectiveI:.. ; with aupro_r/ate

suBscrlpts, U_t vect_or@ al(mK axes in other sets

, k_. Unlt veoto._s i_ a c_r_e_mferential, bino_rml rhd!al system

Total impttl_e f_ct_on (FT/S!_C) (rendezvo,=_i

I=.-ulse at departure 3"oint (_.,/SEC) (rendezvous)

Im_Lt_e at arrival point (F_/S@C_ (rer_eZvou::)

ITY' _ZZ' Momentc of Inertia of vehicle about the XB. _.. _':.Bazxs

respect tvely

Product of inerti_ of vehicle about XB and ZB axi_

_i,th anpro_.ri_,te subscri;_ts, component:, of control mo_e:_t

Earth gr_,vity co:'_tant

Lunar _T_.,vitvco_tant

Pro_,c,rtior,al tba_st c_efficient (rendezvous)

-4-
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n

N

P

Pl

P2

P

PSI_t

P,_,R

r

r

rL

rI

$

Lead t_t coefficient (rendezvnus)

Components of the aerodynamic moment, referred to t_ _,YB,ZB axis

respectively

Launch escape my.tern

Vehicle mass

Median _O window

Rate of chan_e of mean anomaly (avera._eanA._l_ ve}ocity-radlans/_EC)

Normal to window

Sem_-lntn_. rectum (feet or miles)

Semi-latus rectum (feet or mi}ee)

(ferry vehicle trar.sfer elli_e)

(ferry vehicl,e elllptica] trajectory)

S_i-latus rectum (focter ,dies) (target vehicle elliptical trn)ectory.)

PropuleiYe force vector

La,_ch escape system"proruls_on vector

With appro,,riate subscripts, COmTonents of _L_3 referred to selected ex_

Solid fuel _otor _ropulsion

Component:_ of angular velocit'!of v_bic]e relative to inertia] axes,

referred to the body axis

Radius vector from earth center to vehicle centroid

Length _t" r - :

With _ppro_riate suhecripts, reaction co, fro} radhm

Radi_s vector from lunar center to ve}dc]e centroid

Length of _L

.Radiusfrom F_rth center to ferry veh< le cen_r_id

R_dius from Earth center zo target vhe_c_,._ centrotd

i
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r
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b
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R

R
0

RoL

R I

RIL

RL_F_:

S

s/c

S_

SL

t

P

TLEU

a

V
a

V

VL

VW

_i_m of window

D'ifference betwe, n appropri_te r _d k o

E-,dial Velocity COml_nea% (FT/SEC) (rendezvous)

Earth's r_di1_ in th_ equ._torial plane (fleet)

l_Oon's radlU_ in the equatorial pLar_ (feet)

]_rth':; radi_ at a local _int on the _:hrt'n's surface (feet)

Moon's radium at aloca/ ;_int om the mo,nn's stu'faee (f, et)

Arit_tlc _ of the D,rth's radi_ at pole and e_u_tor (feet)

A_'_%h_e%Ic me_Ln of t_ _oon'e rad.luB at .ngle and eqtu_tc_" (_eet)

lL_dlus alon_ the X-axle f1_m solid fuel rioter t6 center of Fravitv line

ianl_e tz'ansfo_ f_qU_C_ variable (ren_,ezvous)

S_acecraft

Service module

Space labor_tory

Time

With approprlc_e subscripts, com_ner:ts of oro,._ive moment

With appropriate subscripts, toroue abc,ut coerdin:_te a_.es (I/S)

Velocity vector of vehicle relative to it_,,rtia]ax_

Velocity vector of vehicle rel_tive to the air

With epsr.gPriate subscripts, comr.onentz _f _ refereed to _elected axis

Magnitude of V
a

Velocity vector of vehicle rel,:tivm t _ the %_, Y_., fr_,'_e

'_:,' YL"_eloCity vector of vehlc_e rel:_tive t_ t.-e _ L' fr_u::e

Wired voloci_" vector r_l tire the XE, Y,,,, "_i' fra<e

-6-
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VW

w

With appro;;riati subscrin'ts, comnonents of V., referred to selected axis

Cor,m_md module window

I,Y,;; Inertial axis. Wl_i appropr£ate subscripts, other qx_s systems

xl,yl,z I Rendezvou_ axes system

X(_.),Y(S)0 Z(_) Laplace _ransfoi_n ooordinat_ axis

ct An_le of attack

I

2

Arw:le betwee.n ti_insfer orbit ?lar.e and initla] orbit _lanc (radt_n,_)
)

An.tle between transfer orbit p!am.e and tem_inal orbit ._la_.e(radi_u_.)

"< iS Angle of rotation of se_t. sb._ut the ZB a_.is

o, _? An_le of z_taCieQl 0£ seannir_., teleecope nbo'.i the iB

.. li_.]eD 0£ rof_ttOn of _-ii_do_:about the ZB axis

&2_le of _'iiesllp

_IS Jkn._Zeof r)ta%-lon of sektant about the YB az_s

az_s

-7-
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IT Angle of rotation of scaymlng telesCor_e about the YB axis

lw' _" AnKles of totatton of window about the YB axis

_, 8,Vp _uler an_lem eatab]ishi_ vehicle roll, :itch, and yaw orientation,

respective]v, in earth environment; with appropriate subscripts,

visual inst.rument orientation.

L' eL,%Euler an_les establlshin_ vehicle roll, pitch _nd yaw orientation

respectively, i_ lunar environment.

0
I

e2

e3

k

Angle from reference axis to p_mtition _n initial orbit (radius)

A_le from refe_ee azis to uosition in tem,inal orbit (radius)

Fer_ ve_ic]e polar a_gle

.T_z_Tet v_W.icle polar a_le.

An_le from a_ce_din_ node i_o t_osition in transfer orbit (r_dius)

_e (raai_)

An_.le establishing initial 4[irection of nominal trajectory. (Earth)

kF

X_L

Angle establishing local direction of nominal trajectory (_ucth)

Angle estnblishing initial direction of nom/.mal trsjectory (IAutnr)

Angle esb_bllshing lo_al _ireo_ion of norJnn? trnJectory (_.unar)

Universal _ravity constant

Geocentric latitude of vehicle

1

CF

@I_,L

Geocentric latitude of launch point

S_heric_] aag_ar coordinate c_f v_hicle measured norms/ to nomin_l earth

braJec tory pla_.e

Spherical or_Alar oe_rdlnate @f vehicle measured nor_l to nominal moon

trajectory :lane

S_le_centric latitude of latmch point

-H-
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¢
L

F

_L.

w

BL

_L

S

_r V

Sele[Locentrlc latitude of vehicle

Geocentric Ic_itu_e of vmhicle measured from launch point

Spherfcal angular coor_imate of vehicle measured in nominal earth

traJectca_; pl_ne

Spherical _m4Tu]ar coordinate of vehicle measured in nominal moon

tr_Jectory pl_ne

Sel_nocerLtric long,itude of vehicle measured from launch I_)int

Ar_.ent of perlg_e, nr_:le from reference axis to T_rii_se Ooint (Radian._)

Ar_qnllar Velocity vector of vehicle rel_tlve "co earth iner%iai frame

Anm_lar velcclty vectar of vehicle realtive to lurer inerti,-_l fra'._e

Angular velocity vector of X_, YE' ZE frame relative to earth inertial

frame

An_xtlar velocity vector of XF, YF' Zp frame rel_,tive to earth inertial

frame

r_

Ar.Kul,_"velocity vector'of XF, YF' ZF frame relative to Y'B' Yg' _'E fringe

An_!,u_ velocity vector of X(_, YG' ZG frame rel_tive to earth inertial

frame

An_u_lar veloci_ty vector of XL, v "_ frame relative tO itmar inertial- "L' _L

fr_ne

Angula_ vo]ocityvec_ ef X_, YS' ES fr_m_ relative to lumar inertial

frame

An#mllar velocity re.tar o_ _, YV' ZV frame relative _o earth inertial

framo

-9-
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C;

Y

Angular veloei%_Jv_tor of XVL, YVL' ZVL frame relative to lunar

EaYth's rotational veloc_%_

Lunar rO%atiomal velocity

AnFle between the norn_l and median to the C.M. window

A_Ie betwoen the element of the cone of C.M. body and _, or one half

Me yaTtex 8n_le of C.M. cone

Anc]e betwean _I M and CI M

)
J

%

C

CS

P

FL

C

L

Body axes in earth environment

Bo&y ax_,_ in lunar enTJronment

C omm_nd _odule

C_mmnd NolulP and se_ce moc]ule

Earth r _tatin_ axes

_,rth- Vohlcle geocentric axe._ref_.rredtO nominal tl-a,JectorvplanP
#

Lunar- Vehicle orbit Dl_.m_selen_centric axes

E_,rth- Vehicle geocen_-rlcaxes referred to e_:utoria/ plane

Lunar r:,tatin_ __xes

L,mmr _ i.ursJon mo_'/e

- 10 -
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S

T

V

r._2

Launch escape system

Sextant

Service module and spa_ laborat,_7

Scanning telescope

Vehicle e_c.entric axe8

Vehicle selenocentric axes

Comuonen¢_ alone bod,_" a_es XB, YB'-_ respectively

Components along XG, T0, ZG (lunar eP.vironment::XS, YS' ZS) axe_

respectively

W Vehiol_ wind a_s

w Vehicle wi_6_w_

I _ear_e_ orbit a_ lecture point

p Transfer orbit a% arrival voint

II I1_Itialorbit at deI__ture point

22 Initial orbit e% _riw_l poi.t

NOTE: When ap!xlied %0 orbital elements (u,e,w,i_), subscri_,t I refers to

the initial orbit sod su/b_K_rlpt 2 refers to the termioal orbit.

Orbital elements of transfer ¢ffbitare denoted witn,,ut subscripts.

- I] - L_ _ d
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Section I : EART_ I_W I;_0,4ME_?

I, Origin at earth center.

:. Unit vectors (i,,,_k)

j. Z - axls coincident with earth _lar axis, positive North.

4. X - Z plane contains initial position o£ vehicle.

I. Ori_-la at e_mth center.

7. unlt "_eta:_ (i_. JE' kZ)

3. ZE - axis _oine_dent with earth polar axis, p_sihive _ierth.

_. Initlal pOSJ,tlOm coincident with inertial axes.

' , ' ,"

l. Origin at e,,_rthcemter.

2. Xp - a_Is na_se._ throuzh vehicle centr_id.

"" XF- YF plane is nominal traje_to_¢ ;lane.

4. YF _o_nts e_eentially in _rection of f_JWnt.

_. ZF points le_*_ when looking in dir_,ction of flirht.

6. Unit vector. (_F' iF' kF)" e

I, Or_._n at e_-_h eente.r.

2, XG - axis p_8_es thl'our_,vehicle _enCro1_.

- 12-
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4.

5.

6.

zz )v,l,{ICI_ BODY_ (XB, YB,

XG-?_ Dl_me contalas earth poh_r axi_.

Yc-Axis lles la _he equatorial plane.

ZG-JhtlS is poJltive _North of equatorial pl,%ne.

0'_?._ nt vehicle centrold.io

2. XB "_B plane eoLncida_t with plane of s:-_,:]ertr:,of vehio1_.

3. ZB a11s, positive dcm_nw'_or_, normal to XB axis.

4. XB_AXi_ !,os_tlve forward,

5. YB -sxis positive right lookin_ forward, and normal to Xil.

1. Origin at wh£cle centrold.

_. X,.,- axis points in direction of velY:c!c r._loci_ ' reAa"*',_ve

to air,

._. _>} czis lies in pl_e f_fis?/m::etrj i:;i"vehicle:.

4. Y_ - _xi_ 2ositive r£_t _ooking to_,_,ra;.ozitiv_ X_, and

nO_d to 7_W.

5. "Fneoe a_s _ :'e_c._.edfz_ X_, YB, ZB axes by rotattor.,

a) About Y3 -aXlS tba'ough an;_]e (-_).

b) About Zs -axis through an,;'le(_/.

6. Unit vectors (iW, JW, k_).

I. origin at vehicle centr_JcI,

- 14 -
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2. Xy -eJti_ ponitive North.

-_, YV -a_Is positive F_uBt,

4. ZV-axls _sses thr_ e_rth center.

5. XV-_ V plane containm earth polar axiS.

6. t_.t _cto_ (iv, Jy, kv),

.- !_-
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]

I

.R._tat!on .[rom, _ _e_ to Ba_vahic_l_ L,eOce_n_ri_c_

Bsrt_-vtll_icle _reocextr_c axe_ X_, Y_, Zc),

)conD + kE sin '_

-- _ _.._akl_ _ _.:. ..... - -' -

kc, ,=

J f

k
I o , o|

-_----'_- _ _ _._ -a/

FIGL'I_EJ
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!

/

/

Yv

_,?o!o>.....+,_k)_+,_ko_!)

k._=_j-1)+ jo(o)+ %(0)
, ,, : - _ - :- . --::

- 0 lil. _ JG

k

_J

[4]
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,.h_1._.o_.,__..(xv _, _v_

/ /
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KlOiIl_5
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CONFICE_N_

_tl'.%('F.=)nd |NFX)II,| %'!'|(1% _-;_._'f|i.%tM IH'_l'_llb "_

The o_'lentation of vehicle bo_ axes relative to the vehicle _ocentrzc

axes, as eho_n i_,fiE-rare5, is e_oom_lished ia three ete_a ,'.sfcilows:

8t_D NOt l: Rotation Gbout the ZB.-axla th2ough angle _' as shown in

f_&na_ 5 A_ where (B") _emo%em intermediate posltio_ of

' X_, YB' ZB"

!

_v

Zv_ 7_'

xv !xs'|

/.
.... -.. _XBII

(

/

/

_v """-,_ ' Yv

• ..,,,! !

_B

iB" =i vco_+ .jr _i._ +%(o)

JB" =-_ ,__ ÷ _v =_ * _v(°)

_s" --iv(O) +jr(O) ÷%(I)

l-* o|



NORTH AMCRICAN AVIATION. tNC
ii_/.i } .L,1ll'.._('_; tlI'.J I"_P',r)I_IM ".l'l',_"d P_%_'-'I'| ",.l_ I)I_, I"_I(). '_,

$}_p NO. 2: I_b_i_ abo_t the XB,-axis throu_, an_le _ as shown in

fi_u'e 5 B. where (B') denotes intez_edlate position _f ._. YB' ZB"

_'8_I ' !

_B

" YB . ". - _'e" "J'B"
, "' , _[ i " _ : " :'. :, "' ' ' -_ ....

-¢

ii_B'I

.=M,--

i i, _'B'
YB'

+ ,i .cos _ + .sln_

[, o °l
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SID 62-I] °_9



NORTH AMERICAN AVIATION, INC. *¢/ H[',-%('lC.n(I I,_.l._lt.'_l.,_,'rl_ )'_, .._-,'IF'%I-. ltl\ i-_li,-_

3_e_. _p., _: Rotati_ about t_ YB- a=is t,hrou_h a_le (_ ms shown in

figur_ 5 C.

/

!

iB_

4

= 1D_ COS

.--_,(o)

= iB,sin

, jB,(o) - }cB, sin e

cos _) o -sin G1

I° , °i

[7]
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:_rAI'F..n(| I NI"I}I| _,1%'1"1(','_ _, _1"1-.\1_ I)1 • I_l(l\

i̧_,

W

_.-_ °°_
J.1

k_

_B

= JB cOs{_ -(_CoB'' + k B sin ":) ei_

= -i?_ sin u, + kB e_(*

[°7 °l
L o o ,j

[9]
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O;ien_tior, °f Orbit pla__. P_tive to Inertial A_ee

Inertial _n.B (X,T.Z)

_" YF" z;,- i_o,-_d_t_po._tio_o_xF,YF'zr

", ._ - __; -

f,

I I ¸

_ t'_
/

®i -Geocentric latib_de of launch point.

k - ;uk_leestablishing, _nitial direction of noL_inal trajectory.

rI_i_ 7 A

-24-
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.)
_rth_V_icle orbit plsunogeOcez_trtcaxes (Xp, YF' Z_)

_,, Y_.,.z_, - _t_-=id.i_. _ti=_ or"_. y_,,_.
unit-cetera: (2_; Jr, h_) _ (_/, ,_",_-;)

H

XF

)_1::

F

F - 3pherieal an_ular ooo_Sinate _f vehlele measured Ln nominal
etrajectory _lan_, about Z -,,_el=.

_>F -.Spherical ang_lar coordirate of. vehicle measua-ed noxmanl to nominal

trajectory, about Y - a_es.

?IOU_ 7B

- ;_ - _ll_4_k Ok| r"| JnLi'_A]L'Irll • li

vVv. ......

gl,q6P-i] )9
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The orxentati_ of orbit plane r_lativ_ to inertial axes is aeeomvlished

in fcn_rateus as shown in fi_MAre7A and ft,.Are7B _a_dis _ foilowe:

St_e2_N:_o.I: Rotation about the Y - axis %hrou_ .._n_.le@i _s shown in

fAAmure_A.,

XF;,"'

x _
(l_CZ FIGtq_E7A)

co=-_utin_"i'or _i,_ ,_i,,,_ _ .e obta_ the fo_lo_i_:

_-, : i(-,,_,_) +i<<'_"®i k_"') si_®i o _o,,<i>
__t_LBoa_..2.: _tation a_ut the XF,,-_xis tl-,.routdi angle _v_s shown in fi_e

_e

- _6 -
t_ iilP | ill--ill" li I "IPi I I
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NORTH AMERICAN AVIATION. INC. _ _l.A('tr.. eKid I,Nl.'tl|t\l.Vt'lt)%. _% H'I't:_.I,', IH% I_ql) _,

_x,_u_In_ fo_ IT., Jr' kp we obtain the follo_:

iF" = iF"' co,,),+ kT. , ,ILlk = = 0 cos ;. sink JF"

NO'_3: Rotatlnn about the Zp. - axis throurj_ 8n_le_ F a_ mhown in

fIgure 8C..

_o_n:,t:n_ for :F" iF'' kF' we ob_In the follo_inF,:

iF' : jF_ cos_ F -ll_, si_ F

_, =_,,

IZF':_F'

,_",_'

I=

./.....

cos ?F o I.° ,J yi,,,(

S_ NO. _4_ Rotation about the YF' - ax_n thto_. _n_le_ F _s mhown i::

figure b'D.

- .,7 -
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x,__ P _ C Y_',Yr
i / ,. / _F',_F
It, l' _ic:__,

Co_ilil_ far _ Jltl It.F . ill Obf.ain the following"

j_ = = 1 "0

iv ._, <><,,®_. , ,i,i® L -*_ ®Fo _... ii,., _ <P cos@

"} 141".4('1." tln(I I."....1"t Ill\1%'1 lit",. '..4 % <--:'l !-.%1'-. Ill% 1"4It i'\

FiXu_17 by stibil:l_utlolli_ lltip no. i through steo no. 4 le obt':i_ the

fo.1.1 ow£ng remuit!}i

_%z:k....<'-"._+k _'_"t_

kz"'=i(-sln_.) + k _¢._

"iF" " ,icos X + [i(-,Bi_i !

_za.--;_W_."_.,.+_c_<-,_._)

+ k cos¢ i ] sink

+ k cos@ i ] cosk



NORTH AMERICAN AVIATION. INC. ! _l'-_('l.;,nd I'_;tl)11%1 _rl(,\ "--'l"_l1%1_ I)l\lV, l( I_I

, = (, oo.®

+ kcoe_ 8in

4
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O
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0
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o
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o
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o
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0

0 _
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o
0
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)
/

ii' =

til=
k

_ne Orientation of the XF, YF' ZF axes Relatlve to the _,rth Rotr.tin_.

axes XE, YE' ZE is obtained-as follows:

figure 2 we have the .matrix fo_

cos Q Et sin Q l=t ,

_si0n_qEt cos _ Et'
O

%branspoatition _f thiB matrix, a8 sh_#n in fi_-e _, results in the matrix

i =_-i z oOa tl_ 'j_ sinOj_ + kz(o)

Now perform_]_, m_ta'ix multl_licatlon of step no. 5 matrix with the

trRnsformatiOm matrix of figure _ obtained above we obtain the fim_l

resul rant m_ tri x :

- 31-
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O
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O

-r_

e

o I

e
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O
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0 .-_ -,_ 0 ._ _ O O
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O

o

e _ =
_ ,_ o

O

e

u N "_ ,eF'
•._ _ _,

•_ -_ O O
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O
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O
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e
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0
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0
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e_
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?
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NORTH AMERICAN AVIATION. INC. I";PA('I _'} m.n(l I."_,I',_)It._.IATI(L'x "-._' _.'1 I< \1:', I)1_ I'-,ll L',,

Venlc1_ I_, _e_ Relatl _,To _V _e_,_ri,.c Axes

The orlen_tlon of the vehlole body axe_, I[ , ¥B' ZB, relative to the

ne_' geocentric a_ee I_ de_r_3ned by mean,_ of Euler AngleB _, qp,O

._imilar to the,_e used previously, except that toey are now referred to

XFI' _LF" YV' "'the new Eeoeentrlc _xes. Thus, since Z axes 5o x¥, "v

X,, YG Zaxes has the same _It aa ' G axe,'; frov,

!_!_,uro h and Figure 5 we obtmil_:

I .jli"IB 'co,*_@ C -s_n@ 1 I 0 0 '

=: 0 _ o eOs_ sJ n,p

sin8 0 _os -sln_P cos_

[7} " [6]

F

axes to X V, YV' ZV

. 0 0 I O ,?

C_] [4]

i\

F

Jr

kF

Do_KKg,_.__O n 0!" G_oe_r_ric Latitude And Lo_g_tude

It. the coarse.or the _naly_L_$ tt v'.il be deslrable _o determlre the

geocer.trtc latft:_te @ a_d lor_-ftuge •, A rel_tionsD, ip te_weer, _ _,nd _

on _he one. _o ar_i ¢ and_ on tha other l.s _hus rvq_tr<.d. _v _roceed
F F

to e_tabli_h suca a rolat!on_hlp by '_riti,ng the bransfe.rmation,

I I i
g_ D_] [u ] 00] O] _] D]

w_ may ",,,rite

i •

0

0

Since i = l ,
? G

S_,D 62-]I 39
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,) • +

,+.-II_+_('I+; i_I.(I lh.l-l)l't_,l'Xl ILI_,_ .'+sl"',+*l'l-_.l+ IU't I_I()N

Ill I:IOr _ I
/ i / ,

Which yields _h_ following n_Jation+:

,,1) cos (++ _E +)c°_+ = eo¢@ cos? ,+.osel,,

-_!n_ mlr+_ sin_P cos¢ -sin 4> coe_ ++:he
t ........... i+ . _.L___:i.. P

--__ ........+oL+__++o.®

cosk <_p+ eo_ ¢i sin

From wh:c_ tho coo:'dim_++es ? and_

_l.n ++ cos ,_p..

m_y be deters!ned,

S:_ 62-i] ??
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CONFI 

_pt_l_ _il_l_ I.'_I-X_I4.'_IP_II¢*,'__'=,_I I<_.I_- lJf_.I_14 i>.

Q

Model _rte

M_el One is tl_at =odel which shows the re]ai.[onship o£ roi_tion

between the t'oj]owtnE axel_t

I._.rt[al (X,Y,Z_,, _rth (XF; , Y_, ZE) , I_rt.h-voh!ci_, _eocer, C÷ic (Xc,, _G'

Zi[.),vehicle body (XB, YB' ZB ) Vehicle F.eocentrle, (Xv, v=V, ZV), arc

veh',:ie-wlnd {XW, I,W,.Z_),

Note: M__4el One does not inc&ude a polar orbit.

A set of d}ffe:-netl=1 eq_t_on_ _over_;aE the euter angles,

]

O, _ , $ , is now for=ulated.

The _uV,ular veloc[t_ _, o.f_the vehlclr_ rejative Lo the, !nertlak

,_x_,r may be writte_ a_ fol]o_: _ .,

W,._,re .P, Q sr, d R are _e c(_:,ocemt_ about the XB, YE', LE axes re.si,ectiw.,Y.

Thks _,qUa!._or:may be written in the matrix form:

(?)

It, which :,he elements are components of" th; vector and _he subscript

outsid_ the" hr_cket, ldentlfies th_ axes system with re_.;¢*,ctto wh_cr,

these compbnent.s are taken. We now proeeeC to relat_ these components

to the, euler angles, 0_ (P_ _, the, geocentric coordl_mt, es @ amd ¢P

all tb, ;r ,Jt-.rtw_tlv(.n. It: doing this we set L_ ac alternative

reri-czrrL-_t, ive for _,.
%

- ]5-
b-m ..... IT'--
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CONFII_LN_IK='_

r

-"i ./

t4I'A(['B; HIr=d 15,'I."(JB"_,,IA'I'llt'J"_ _'%'_'1"i_.%1,,.; Ill'& I.'-;,I(F"W

We first wr_te, in matrix form, the snKular veloclty, _, of the

Earth rot_LLr, E axes, X
E' YE' _E" relative tc the inertial axes, but

bh_ Earth _i.ating axe

"" _; ",- E'

Thus _

<-j)

The a._u.Lsr velocity of _ne Earth-v_hicle geocentric axes, X , YG'

Z , _e]attve to the Inertlal _,xe_, but resolved about garth-vehiole
ij

g_ocent_c axes Is:

• [3]_.] • D]

Of'%

_-..[]] ' . (_)
G +

The engulf- _loe!ty of. the veh£cle geoc,.mtric axes, XV, "V4V ZV,

relative to the i1_ertial _es_ b_it resolved about the. vehic]e geocor.tz]c

ax_s is:

"iV

Fi_aJly. the an_-alar velocity of" the ,;_,h_cie b,.!y axe_. X , y , _.

relativ,; t_, theinertial _xes, but resolved abou',.r:th{ veh[c!e }:<>oya×e:-_

is:

,_ ,[_] [_,] [_]:.[7][6] [,_ ..,' .

- 36 -
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CONFIi_IIIllkLI_

.APA('I_. and l_l_tt_l -_,'rlf)>- '_')'._I'I'!';%!"_ !_1%'1_1(]_

By equatinE ana reduclng equationr, (2) and (6) w_ haves

,] I':'}4-

Lsir. e o

E

s;.n,_

¢_S e cO_

(6_

(7)

m

m

coo I) 0 -_In e oos i-I
",10 0 co_ 0 cos

-[ ";._[ 4 [ 5] [ d "l_)

.£

.4"_][6] ['_] [43 [3]

(?)

PerrormlnK %he ina_.eat_-dm_tr}x inversion and matrix mult[pl[es%Lons,

and red'._ciD_;,we f!na]]y obtain in soalar ._'or_tl;eeq}m%'-ons:

@ - P s:r,O lraae + _ -_ eoe_e 'tar, m +@ co=_ _,,_,_ ,(_ -,_ ) co_¢

_,_n@ 3ec_P (",'

- 37-
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NORTH AMERICAN AVIATION, INC. ."_PA('F al)H i.'_I;(.)IL%I _'|'i_ L_ ._"l_-,'(l<'_f'.4 |)l _. I.'41()'_

(1£i;

(li',

"?,'anElsJior, a.}, _.ug.t.i.on_ o£ Mot.i on

_:t t_e radius vector from the F_r_.h's e_,r.t.o_c t,o the. vehicle eentro

_y:

_.h_r t,he ve.lo,_-ity._e.etor r_3atlve t_.-_th,., _r,_-rt._._jaxeB i_ given

dr... r. r, "_"

(12

_. held I'_x_d, wi_h _ - r i. Whet,- r = "|_I 1t3

.l,r_)mgluaL,'cm (&):

:' G C

E,:,uo t.!or, (12'' b_c_t,e..,:

5 E G {_

The acc.*.}er:,)ion vect.,)r re,at.ire Lo Lh_ [nr_rt),a; _xe' ,_), r;;.,._ b.' _rjt,).)-t

dt. _ Ot / (; C

2 ;:

:_)!n ¢ _,r;:_,I> jk
E ; C

;_6)

_ _g _

3:'C 62-1 ;,.39
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,"_I'A('I-] ariel INl'll|l%l.t'FltIN .'-_ I'I-:%1"_ l)l\ l'_It J\

The gr_avity acceleratlon_tor, including the effect o_" Earth

oblateness Is written as follows=

Wher,. G |a the g_vtty force _e_P, m is th_ v_hie1_ _siq, R i:_ the
o

_:_d: ,; of the _et.l_ at the e.q_a'_'_r.{R :- 20,o26._.;_ f_et}, ._wJ K and P
0

at-: _:ravtty c,xtc_tan.t_, wj_,h t4Ne fol±ow_.ng values:

_: - v..l_oTv'_ooKlO%7 P'V%_ '

"_.=,'I.6_Xto- _ :.:,,;:c

,,2

Ti_e aev_dy:_mi3, _rC_l_=lltl_e a_d control forc,;_ are first, co.v._',te(i

_*[th reference to _h[e_.,._l:iy _mea, &he a tra_,_r._t!on to F_rtn -

v,:_:' c le _eoc_rvtr[e a__ i_. _n _erfeeted..
?

'g -F x _g _ ._ j_ * F¢ kp, (18)
:-

: F l *F J +F x
r G _G. • _

The vropuisive f,_rce vecLor ._a:

P k
x b Y JB z [.'.

= P i G+ P ,]," + PO k,,r _ u U

A,,d the c::r;Irol fore. Vsc%or is:

= H _, _ !t + I{@ 1¢r t; _ JG b

- 39-
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_l_At'l.: itlr, d I._.I-_()TI:.%I/_'I'II_'_ _1_-;'1"1.;%1_, I)1%'1_,111"%

_u_ainF, eorre6ponding components From _._u'_+_on _ (1_' (19) a.,:! (?.qi'

Th_, roll_vlng m_Lrlx e_u_tion represents _e tr_znsf,-,rm_ion fr,x_ body

_xe._ t.-_ Earth gcooer, trlc axea

/ / / Fy + p,y

.+ P_ + HCJ z + ..Fz + H,.,

Where th(_ nrkme denotes _trtx tl_incnoslt[on. Upom multiplieation,

_.he transfor_at_c_ matrix becomes:

p.] ] [6][I:

[s_nO .eos_

slb_ r;o_.e

Lco_ _oee

" -sln_

-. (2_>

The oorre_p_mdllnwI .tran._$Omn_t!on matrix }n _21e c_se oC convontional

"'_,_i:=_T apF, lted, gruv!t,y and inertia £or,'P e_m ,_::ent,s in th,' ,/irect._on

e.]i_t_or_s of" motion in t'er_s of %.he coor'.:in,_te:_r, -_, a,._dO:

[..*C_:+( OE +_ _<::o:;_: ----:-K* _._ (?-?eor2* ? ,_ (Fr +;'r" + It). i"_
_r¢..

I,..,-+

{
r ¢+2r _+r( a + J'_" _,In¢co._ :?_ KP.

E ri M ,

- _0-
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• 'i, t _;li,iif'E ltllll INl-'lllt.%l.lt'l'ltl,% _'l",l'l' \1_" 111% I_l_l\

C_n tr,e shape of the oblate Earth, aF,pwoximatt'IJ a,_ follows:

R = R (i-f _[_0 , . (;7_6)
E o

Wi:ere R I8 the ui_nee from the Earth'._ _'er, tor to a aocal. _oi_t on
F.

the EaKh's surYi'ce, and t = O...,nO]367003h

Th_ a]t!tt_A _can be de.t.Jrmlned From tr,_.rel:itioz,

h = _-Ro_ 1_f_,fLn2 ¢ ) (27)

It ear, be seen from equllttorl (2s+) that ';and '.ts fler[v_tiv,,._ are

!ndet_rm_._ate at¢=-gQ°_ thus pi-eetudlng th,. u_;e of the_renent

eQUat_.o_s fop _£m_£a_i_I1 oC flight over a pole.

T.h_ _tatlonal _tlons bf _ot'_on deve!:_pod on the b_sls oF momen t

eqmiltbH_ about. _ bodY._e s are th_ marne a:_ ,Iwho_e fslic, liar ":

ai.P_r-a."t i_aJLV_I. Ito_ a 'V_@le _It_h the X - Z ._lan,. a ;,}ano of
_. i__

_y_et_y i .th+_ !lI'ef;,'= : ' .' "
5

- _(i_x- :r_) I_ - Ixz(P -Q_ • N _ T.,+ Jz : 0 (/;,

W!_ _X_, _yy, 'Izl, Ixz ar_ momer_a and products of £,uertla referr'+.d

t,_ the bcx_y _xms; T, M, grid N _ro co_...oner.tc oF t_e aer_,ly_<_m_ mom_;r,';

TX, Ty, _nd Tz.are eomponelil_o_ the prcpu]sLv,; momeq,_; and ,.Tx, Jy, and
/

Jz are eompoaents of 1;}ieeontr_l moment, all referm,d to Lqe X_, Y , and

'-_ axes respenttveiy,

Ang,ie of Atl.acK_nd _._,I_of', 5tde, z,! F

With appropri;_tc I_IY_,cat.io_ oF equ_t!or, (15), ,',he v+,i3c!tv of tLe

- z_l-
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vohlc]e rel:_tJvc to the ['_r_h ro_._tlng:axe_, XE, YE' ZE' booc_n_:

"_f w,: now ailo_ a Wind veloptty given "cy

M

/; : V io t -" + V_w v Vw_ "G ' k(;
r

The veloctty of Lh,:wl.£cle, r_lf_t£ve tm the air b,_eo_.ec

Va_ j + Va_ kVa : V_ _ iC ,, C,

v,_ : r & -we

.v" J
Not £ng that

V_ ; Va
w

{ 3"

(32

tLt?)

(3F

A transform_ti.')_; ?tom w),rid ax+_._ to body axis l:; g._ver. _ by:

O_ ,_ CoS

toJ _',..<_ <.,,_

}.qu_at.ln_ tk-" r:_:ht Y;ahd side._ of r_:_t_s ,%",} a:d (7'_), we, n_ve:

ii,,.. -'*'1- 42 -
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CONR  N"

s_'n p

it, = co_p_.

Var/Va

< v

/va
a¢,

i;

from which ¢_ and _ may. be determlnod. The _ransI'o_at!on matrix

in this equation _s seen %0 be %he transpose of the mal,rix _]v_}t in

[equation (22). The correBpomding t_-ansforma%ion matrix in the case of

conven_onai ouler angles Is ob%almed b_r _nterchanging ma%rlces [_
/

a_d[7] i_ _._.o_ (_).

-_3-
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This modpl shows the _ei_%lonsMp of rotate,on between the folRo_ic,g

axes: Inerttai (X, Yp _,),Earth (XE, YE,ZE), Original Eartn-vehicie

_.ocen_rlc [X5, YC' ZG)' new F_rth-veM_-le geo.:entric (X?., ¥F' _;F_''

' z ' .. zv)veht=[e body _XB, Y_, B), vehicle ge,_ceritri _ (X V, YV' anti wi:.d

veMele (._ , Y , Z ,).

Not,e: Model _ includes _ polar O;'blt

_;tFf_rel_ti._l E_l_,atI.ons for the E_al,:r Ar.g!_ _.
, . _ -. ,. ,

gotiowtr:g the re.rationS and equ_i,ms (I', thru (1') Or..Da_e ,

. . "' a_.es relati ve to _':_(;, the angular v,._locltvof the lF, v, _F'

ax_s, As _iven b>':

[' 316] [5][,,]

(4,_)

<41 ;'
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CONFl[lllil--

TL_;rcfore, e._u_:t;_n£the riKhb-hand s;.?],-._o _" e;n'.tions (4.?) ar, d

(.'.i"..and proc,:.,_.d}r.gas on pa_e ,

= }_ s!n 0 tan • +Q -R Cos @ ta_

q)= P cos 0 +R sin 0 "+ @ _tIS _
F F

@ Sl,,•

and , v,; obLa}n th_ reluti,,)ns:

F " F

Followlng the _nalysls On ;:ages thru , tr,e rad_u, _ v,,:Ptor.

vel.oc'_ty .rid acceler_t',on may _} u,ritt_m an fol _ows:

F

w

The ,n'_tv'ty acceJ_rni_ton v,.,ctor mu_t n,_.w _,_ I'eC:_iv_;'(J in+.o :',_m:}_):_',,t:

aLon_ th., _ , _"F' Z_ ax_z. Tb[_ nece_;:.ta ° _';, ,.(_:. _ _,.-ars_'o._tb'_,t_on CTc;_. t,.hP

original t:) tr,P ne_ Ear_n-veh!_.}e g_ocen_r_:. _ _x+-_. S_r;ce L".,_ X *_x!s _,r
F

ce'n_ i.ient w! Lr_ t_qe X - aX'%_) "h%S t_'a_:_('c CT:tI_t_")r,i.r.'!'_=vq$ c!_[>iy

a rotatZon _{b.,ut the _[ axis, thrc,u_h at) angle ,.,].[c}._.e._i]1 d_:r_ot¢ by

bus i

[I 0 0

0 ebb k ,*_ir_ \
-- F

O -s_h ), c,.:: k

- z.5 -
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CONFII31LII BIL

,I r,d

4
I,

"3

4- _ 0

ce_k F stnO e.osO] k v

From eq_t;.o:l (>n pB_e

'1 0 0

S._,n k0 co_, k ;
F F

eo:;k
C; -_ink F F

b.

'be

t f' i5o',,

li 0 0.

co._k F -"_ nk

.J sin). cosk
F F

I",h'1s may De tea ,_I'ar,ged ir,_,he Form,

l I

_in),

0

- s_nk
F

eu:_ k
F F

(51)

z ! I "

I_l-_1.1nZ 1,be mleme:_ts.in 1.he iamt row _r.t:aee:_nd _nd third _,-;£','mr_

of tt;e prod.,ct matr!cc, s on both sides oF ,. _u,,t.i :_:,, (.!".:'), w_, }-._v,_ f!n_ i i 3',

- -._:r; ¢. sin _F ÷ co_ ¢. s;r_>, cos_ F (':I'

- 46 -
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CONFI 

,, .",i'A( _ _Lr*_l I_l.'t)l*%1%I t*_"_ _'_ I F'%I.'-, I)1% I_',lq, "%

)
c0._¢, cosk _- ;-mln _) sir=@ cos _. -c,_='¢ _ st.nk :,'.:r:$ sir:. _

F' [ F F i F F

+ cos_ eosk eo_
i . F

(SL _,

We c._un now su'b8%]tute _q_at[ons _53) and (f4"_ !n_o ec_uatinn (.9")

to obta%n the g_vlty a_.celor_tlo-. _n the :'0rm,

4

sinq _ .co,s @ cvsk cOS @ J

,q

F f F j kF (_t.)

The a_'c_yna_Io, propulsive and c /tro_ force5 at- aValn deLe_m'r_ "'j

with refuren_e to body axez a,:..%i,e_,trun.-I'e."_.t,dt:) w_.hlcle Ceecen'.r[c

XF, Yr_ _ ,Zl
Axes, , Z, u_.ng the transfo_mat',.:_n matNiz of equation _ ',

f

bu_ yseo_n_.in_ ti,al,the e_ller an.:_/e_:r,.r_. are pef'err,_d to the X , v
F "_'

The trar::_l,,tlona! equ_L!o:,: of m_.lon mav now b_, mrttter, as ColJo__;:

( '.,6;

- 47 -
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CONFIIjIIM 

)

°. .r _ toss + 2r r+os
r F F F

/

/ 0g" i "_

.+.j ."II_'rA(..+I_Rrtl+l INI-XIItXlA'I'I(IN _'%."vI'I,; %1", I],IX l_.lll\

II •

-2r • _ sin
F F F

"3

: 12F.I__ _In@ (8in ¢ 'Jin_
•

"F • F P

-cos_ s_nk :os_ )
F i F

" " I.',W.R~ stn_ (s_n¢ _tn@

"" + 2)_ + rV sln¢ co_¢ = _1. .rCF +F F F + _ 1 P

(_7)

+_L_(p¢ , p_ + H_)
M +

(_s)

U or, solution of +theso eq_%[or_s, t.he altitLv:e maj aTala be

/

de_em_in_d from _cl_t+[on .(_'7), P.eea_e of the increased complexity

OF the eo_atlons, eV_':r_wi_h ,15as a basic variable, a t_fo.-mu]'/t_.en

t.o Intro(tuee k as & ba_[c var,i,_bJ+,:[s nut c_,rr_ed Out. !%wever, '.he

0ubrtitut.lon !n(Iica+_.<iin the eq:iation, r = Ro + or, may b_ ma.!_..

Rotat [anal E_u_t% _rl_L_0 f"Motl or;"

The ¢'i_a_ce _n co_rdlnat.e System doe_3 no* affect the rotaI.!onai

equat.[on_ oC mote.on, and equ_tlons {28}, (2¢?) _irlc(_0) re_m%,: app![.,_ible.

Angle of ,',l.tac.ka:+d Rndle .oC SiJes;[p:

The vsloeity of the veh'c)._ reJat]v- t,o %he E_r[i_ ro'_at._.nKax,,:.,

XI!' YE' ZE' rosy b,, wrltter.:

+,+:C÷)+o++
?

++;<:_)

- m'_+- -,,lli,ul. i lu+,..=,= t irIL

•'+';D 62-!lY?
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• • d

In which r Is given by equat_or, (_), {_ denotes a partial

 otj F

dl£ferentlat_on in whlch }F' _F P kF' are held fixed, and wFE is the

• ' YE' CErotatl0nal velocity of.the. XF,,'Ym, ZF frame relstive to the XE

freme_ In terms of comp_tents about the XF, Yp, Z_._axls _J FE is given

by,

=D3] • ri ][i 7

ko/

Ot_ s_t_r peYfoL_tlng the Indicsted matr£x multlpl!cot'ens,

sln_ -_ cos_.F costm F_ F F _'E sin_ i F

E : "F _" E

- t Q :_in @, sln_ - Q coSo
t

_. cos_ +_ sin_ co_E Mn4)

cos _. eo_k sin@ _ i
, _j F

sin ),cos

{60_

61

Tf we arrow a wind velocity glven by,

The velocity of th,._ veh_.le relative to the alr bccov.Ps,

[ntroq_,,:':ng eq:_at_.ons (45), {61) and (62) :nto qqw_:ons (63),

67}

- 49 -
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CONFIi]ImIIw..-

)

_ !-iPA( t< _lvlmi I%1 ()ll,'klA'l'lq))'_ "411_'l'l<)il W' I)1% l:',l(I.\

-4

w

V_ V _ + V ,IF + Y k
(6,:;)

Wtie re

V,&

r

V
a_

V

-::"r( _i;' c.,S_

+/JE cos@ I si_)w. Bln_.,F _BOF ,E
co,_C, eoe), Cos¢

i

g cos_.i ziP.), eos_ F)-Vo¢
F

Ar_:i

V_ + + V'=

ar %?, '_l,v

(6 5 )

("'_'.,<-_ _,.,';increplaced by ti'_ relati.,_r.'.

I ).
_Og _ COIl _

VV_ rt' '/,t t

"J ' _11

'_(ll

(66)

in eq_i_t:,on _.',7).

(. ,o_D 62-.! J J_'
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NORTH AMERICAN AVIATION. INC. "4P,'_.C'F" and INI'()I4%I.XI'I(;N _%S'1'1" %lh I}1_ l'_li_'_ •

S_ctio. II: I.A[_CI__CAJ_ P_nPULSIO_ SY._;TEM

In "theevent of e_mr% condit_m of the Apollo mlseio_ durln_, the

pre-_rblt phase• t_e launch escape system is utilized %o llft %he command

In general, the tr_3_ctorv resultkn_, from the ,_ystem utilization is

c_ular with an al_Itude of a_rroximately 4(X)Oft. and a range of

&.n_imatel_[ 4000 ft.

As 6h_ in _i_%_-e 1, the p_ _,_e_l_i_ of the _y:,t_= is p_oduce_ by

,_n_le en_ne _h £o_ _.z_ls pl_c_i _t _m _le _ SD° to _he

forward t_m_0t vector. _i_e _ ex%_nm_on of this vector _mes through

t_ C_. at all %_,._t _ _m a_le with t_e XB axis of 3q15 '.

As the fuel burns and the C.G. shifts to its final _oeit_on C.G. The

vee_r e_tended continues eseentlally tO pass tha'_h the C.G. at any

time T.

The initial C.,3. is 6.78 fz_m imnulse point or oenter of the oonr<lirste

|

ares. As _e fu_I burns, the C.G. shifts to a point 10.70 awmy, measur-d

slon_ the X_ - sxls. A solid fuel motor is located in the upper re_Jon

of' the escapee tower moz_m_l to the _ - axis• _or further si-_pl_ficatJon•

the _ro_t_slon v_t_r Of this motor is considered dimecte4, par_l]el to

the ZB - axis.

- 51-
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co.Fiai--
slr3A('I+' and 1,'_ I-T)Ht_.(,_1"I()'<,,I _Ys'I'I, .MP,. lliX I_,tl i'_

,+

f

I;

"¢:
o-

-+_

- 52-
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)

Coneequently the propul.ive forces elonK the three a_i_ c_n be written:

_t_LAque about the e_ce_ are:

'%L_ =0__ ,

%¢'L_4_.'_' +_.9_'f¢_'_]P_-,,-_ 3°'_'

¢

•h_ propu1=_ve forces a_ en%_ the ;_a_tiom= of me.on 81on_ wlth

other fo_cos alr,'al_v _Desen_, al_d alter t_,_ propulsive forces m_d m_ments

comrr/tat_on which _.n _urn alte_ the t_snsl;_t_otml e_mt_ons, e ve_-ocitY _n

air oomputation, and _odetic com_mtatlon (Se_ _he _%mc tiork_1 Block

Similarly the terques _bov_ enter the Bo(Iy axe= _oL_tional E_uations

that in _u_ _l_er t_e _ler an_lez ,_ c_n_uently affect the eguat_,ms

Of motion., To.thor "the squ_tion., of mot.lo_ ,'efle_t the new tr_.ieetory

produced bv the Launch _cape _stem _% ._nv time after lift - off until

tower _s ._ett_scn_ed. "

the

- 53-
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The tower jettison motor t_?]sZ _e_or is not Conn}d_red because

it do_s not affe_{ the C._. traJec+_vy _ter the tower ia released. --

Uowever i_ _ intended 'to op_ra_ as p._rt of the _orm_A abort

_equence ae _-<:llas serve as a back_, to the m_in la,_h e_cape :_otor

for tower _e_ti_on durin_ the _econd ot-,_(e boost when _bort is d_emed

ua_eces_ary. In both cases it separates th# tower from tSe comrmm_

module and pro'_i_es a safe clearmn_e.

S'L 62-iJ 3_.+
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CON 

l Sectlnn rII: LI,"t:AR ENVI RO_Mh_T

I. ]Dr}gin at lunar center

"2. Z - ax's eoincldent wI_h iUn,_r polar _xts p;_s_t'vc north

3. X'- Z pl_ne_ psrallel, to F_rth's Y- S plate

4. Ur!t vectors "i, ], k)

L_mar Axes CX . YL' ZL)

I. Ori_,En at ]Amar c-enter

Z - axi_s eoi_clder.% with lunal" polar ax[,_, po,%itIve
t,

nort_

], .l_ItI_l posltlo_ ,_olncIdent with ,...rt_al axc,._

4. 'driftvectors {{L' JL' k:,)

Lunar-Vehlcie se'lenocentrlc axes '_X , y , Z )
8 _" S

1. Or]Kin at hmar center

2. X

]. X
S

4. Y
5

Z

6. Unit vectors (t , J , k )
S " -_

Vehicle,Bc_y ,%xes (XF_L__;_I,.,' Y ' ZB2 )
.____

- axis passes Lhrough vehlcl_ cf:ntroia

.- Z _lane oor,t_In_ ]unar DO/:'-r _xis
S

- axis lies in lunar equator[a, ; ia'.e

- axis is positive north of )ur:,_reqtv:t._r',_l : lan_,

]. [_Igln at vehlele cen_roid

2. XBL- Zp_tplane eolnc:!dent with plan,, on sy;v_e_q_ or"

vehicl.

- 55-
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3,

/,.

5.

ZBL- axis positive do_nw,_rd, normal to X_L - axir,

XBL - axla po_itlvo forvaro

YBL " aXiS positive right took_n_ forward a_l nor_]

to X - axis
BL

lh_It vector_ (i , JB' ks}

Vehiel, Sele:,._e_tric axes (XVL, Y L' ZTL)

I. Orig[_ _t vehLc_e cc',:trc_

2. X
V[,

VL.

:_. Z - axls pa.]so_ throu_Th lunar renter

-i

_" XVL-_VL - [;_a_e contains lu:.ar p(_lar axis

6. L_nit vPct:ors.(iVL , JVL' kV'-,)

- azls posit!re uortb

- ax_.s positive west

Luz_r_VebIrle, (!rbl.t ,_'ta:,_ Selenocentric Axes (XFI,, YFI.' ZFL)

1. (_ri_in at m_nn's center

2" _F[.- axes m::;ses through vehicle ce_troid

]. X .Y pfar:e is nam_.al trajectory Flare
FL F'I,

_. T po!_ts o,._._e_tial_y in Oirectl_ of flight
fl, .

': ;' po]nt_ left,wh_-, lookl_, In direotlon of fl;gh:

r. Unit vectors, (t _ k }
FL" _L' FI,

}
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,f"

_, t . • %

_1MCI_ &l_d I NFORM^TION .q_ ST_Mii I Pl%'l,qlON

Lunar _M0d¢ _

Th_s model Is formulated Ica $1mll_r manner as Model Two of the

Eart_ Environment Sectlbn. The acr_c and oblateuess _rme are

oml tted.

Thls-model hee a polar orbit e_aa_tlity. With a change In

symb0Ltsm t_e equa%gon= present_ h_Te _n are &_alogoue to.those,in

_od61Two......

L

+ CoS0 sin #L eec _L_F:, FL

?L L L

+ R ¢_os 0 see _L "OFL COS SL Tan ¢PL_L = P sin e L seep L L.

- FL gL ,. _Tu -FL

(1)

(2)

{3)

r:,_rL( ; _2 costs . KL , :__ ( + l_rL)"" CFL + FL FL ) --" -'7 _ PrL

rl

rL _FL cos# FL + 2 rL _FL cos ¢_. -2 r, SFI, _FL sin CFL

= __:(_ +. ',
FL _FL '

rL _L + 2 _'L _FL + rL _2
FL FL _ FL

(6)

- 58-
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The rotational e_aationa of motion are the same as those

formulated for E_h _lr_e_%"- Model C_e with the L, .K, and

termz omltted_

Slb 62-i_ _9
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Section IV: EIDCOt_RSE _RIP6._W_R

_ravitz V__ecto__rs

•_nevehicle to earth _ya_ity vector Is d_mem_i_d in model two of the

eart_ env_-onmemt as:

-Ktp where K = K = 1.A077_0 x _l_ ft3 see-2 (1)

SL_diarLy the veh1¢ie to moon vector can be described as:

_r _. L

(2)

}!_ative .to the "F" _ra_e, these equgtlcn@ ere s_ed up tc fcrm a

}.ba-ee-bcd_(:_rth, moon, v_e_Lle) gravit&_tor_l e_Loi_.'

Follow_ng the am_ly_is in _rt I, H_el II, the sm_n r_erenced

tra_slatLon equation cf acceleration mmy b_ wr_'tt_ a_:

"2

- 60 -
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Combing equa'_ions (3) lind (4) above with the translatlnE equationv,

froc modet two of the earth env.iro.nme_t,and dlsre_ard£nR aerodyna_£c

and earth oblateness forces, the midc.,_rse trBnBlatlonal ecu_ttcna of

motLon may now be written _s foikowa:

• vu+ F cos e F) * _- r1,( , -=-__ _Sj

K + _ (P + _r) _ 1 (Fr + Hr

$
r,_,sir'# VL LT- Ft )FL F _ __

) toe @ -_

I.

(6)

F r FF ,,L FL L

_, _ F P. FL . {7)

To-st_plify the s,_lutlon o_" _:es¢ _uet!¢:ns, the;: may be seper_ted into

two sets as t,ol]ows:

o,

_:-r{@2 +_2 cos ¢ ) _ _v, + I (P + H
F F _" -- -- r r

r 2

y V F F ,N ' "

F F :- t_'

- 62 -
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._lpAf'l_ al_l INI'+<Nt,XI+Xl 'It +''+ ._Y_-_rl-_l_l.-_ iHVl_lO'_

/

;=-rt(&;"- + + cos _ ) _++"_ + P + _t_r,FL FL FL M + r L .,
t
IJ Q

FL + H_FL) (9_

.... _ __.(p4)Fl ' + I_FL)
P{_@FL + 2rI+ _L, + rl, _ FL sin@FL e°S4)FL = M

Therefore, _e midcourse eq_tidI_ a_ .m_r_ly a summmtion of Mt_del

] I Esr_hi and LtL-lal-En_j1_or.1_nt4, _f_,d_ aerie and oblatmness

F.rav!_atlonaI tnrms elim_t_d, Co_snquel_gly, bOtt_ Earth and L_nar

r+,t'_.re_ced computations proceed slmultane_sly and t_,c res_tts alon_

vith epnemor_ e ds+Ja t:'st:_l isc.ln_- Ste!lar Locations, E_rtn-?.'oon and

Earth-3",m Vcc;or_ produc,-_s a co_1_te dynamic de_-orip_.ion of Lrar._lunar

and tran._eart, h fl_gbt."

- 63-
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Sectlcm V: _VOUS

Remciezvo_s _ be considered to t:_ke place in three _ar%s. First the

launch and b<_st phase, in whloh thq ferrF vehicle is placed in am orb{t,

as nearly identical as possible, to that of the t_rge% vehicle. Secomdl$,

the orbital transfer phase, in which the ferry vehicle propels Itseh r intc

the trajectory and general vlcinityof the targ_ vehicle. Thirdly, the

homing phase, in which the ferry v_ic!e is guided visually or elec.tr_nically

into dcckln_ _sltion w1_ the _ppropriate .on board propulsion system_.

The equations pres_mted in thi_ report will _I with t_e transfer and nominc

phases of the sa_ellite rendezvous problem, b_cause of their &pplication

to the A_llo ,,o,ect.

Orbital T_nsf et ,_

To effect an orbital tranafer requires a &wq step impulse to ¢ha_,_;e

the ferry" vehicle from its initia/ arbit with _]_ents P1' el" _' i1' and

_lto the fi_r_et_hicle o_-b]t with elements _, •2, a_, L2 '_d Q_ • If the

termiz_a/ orbi_ is used as a reference, i o. ._ls_, the s2T_meftr"j_f nhe

_.r_tr._l _ravity f_eid .ma_es th_ ¢:7ie_tati(;n of the lane of nodes o[' n'_ van'.c,

t!_crefor SI_ o, Consequent?Q', si_ce t:_e value of Q2iS _L_bi%_8/7, the

Frobles_ is _pecifJed by s_en para:aeters: an _ni_ial orbit with ele_.ents

and a te_inai orbit _,ith ele_emts i_, e2, _ '
_'l" el' Wl' if'

The three par_:eter fm._ily of tr._n_fers _etwe_m two.polnt_ _,_. be

/eter_%_tned using the rule: Given two _i_ts not colllnear with the origin,

anO a q_,_n_._._y c:_eater than zero. their e_Ist_ a unique conic _s_in_

S_D 62-!]99
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thrO_ the two points, _i_ the oz_&d_ e_ focus, and "p" ae its slmi-latu_

rect_.

and @2 be the tvo.points. It is necessnry to obtain[_t r i .eI r 2

e_ 0 .rid e such tliat:

r : _ ; r : p
I ...... 2

I + e oo_ ( 0 -v) _ + o cos ( 0 -v)
2

And:

Then:

Or=

p P
__ -i. -- _ cos( e -v); -I = e _o_ (o.-v)

r, - 2

Let p -I - A Arid P -! = B,

r I-
_ 2

- e ooiH e -w)
2

A =-co_ ( e .-v);
l,

e 1
_.:Q_(e -v)
e 2

U_[ng the spher:cal tri_ono:_trle !_d_ctity:

sln( e -it) sin( e _ 81) -. co_( 8 -w) cos( 0 . 8 ) . eo_l( 0 -e)I <! I 2. I <

si-(el-w) sin(e 2-e 1) : A cos(e 2-e 1) B

s'.;n(el-w): _ toe(el. O,) - i!
,- _:,_(e 2 "tl 1

U._!ng equ_t}on_ (A) and (7):

S_n "(Ol'il) + cO0" (el"U) .=- 1

A ? co_2( e - 0 ) - ?JiB cos{ 0 ) + _2
2 1 Op- l

stn_( 0 - 0 )

Lete - e =a_ _- .

2
+A

e2

=I

(1_

(2)

(?)

• i

"i_!!
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A 2 _-_,2 s£n2M -_B cos Ao + B 2+&2 _£n'/AO

sl.n_&@

Fquat:ans (4), (_), _nd (d) form the so1=t!on,

(8)

The :on'.c de=._nsl, ra%ed by the_e equations i_ umiclue_ Lut as an orbit

it may be tr,_r_d l.n elt_er of _vo dtreet'ons, However, we shall asst_l,e

'n all cases in that.. It i_ the shortest route,

Trar,srer Geo=_try (_S_p Ti._,ren. 1 __r._d2_.

Transfer geometry can nou be _efine_. Glvan the tnittal and te.rmln_l

orbit elements (PI' e1":WWl' P"' 02' U2); s tran_rsr orbit is prescribed

by select[rig %we a_.rTi,_sand a .J_._tar_Ce' These are. _I' the poslt_'on

or the ,aeparture p,,in_ on the inltisl orbit, ¢_ , the po_tion o.e t.h_

arrival polar on th_ terminal orb_t._ &_(l p the sial-laths rectum of the

Lren::fer coal:, Tne conlc is ..redefined rot wa[ues or qp _ _ .z IP,O ° := O,

I_!pui s_. Function

A doubie-valued _mpvl_e function of the variable_ _, _2, and p ma_ no'#

be defined. 'The raci_l and circumferential velocities af a conic axe given by:

_,D 62-_39
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The impulse function is then defLaed by:

1 -2

O1Pi

" 2_ L_ ,.- ..... ,L._
1[ : (RI"Rll) 2 + (C1-Cll cosec 1) + aln_ + {R2-R22

1

+ (C_-c?,.2_os_,.)2_. + (C,_,._sin(_2)2_

The var[oi.,srealtJonshL_'s in the trams)for ge'ometr2Jcan be seen

by r_.forinF> to l"i_Fure. 1 and 2.:.
r

. o

Ti_ palitiel,derival;tves Df the illpltoi% li_ulse.fimetton with re_pec_t

to._ ,IP , a_d p may now I_ uri_eh.;_
t ?

• " 2:' •

" ........ t ._ _ "_ C11"CI 1 _

+C,"

I sin3 rill
I

"' ., co_ ,_e]

(!i)

I si,: A8
2

['_l c°s'x" -Rtl pi_ 1 ]+ C= <27" ["-_'n? i

9.l r_ " _6 t

--RI_R

,)

'I sinA%

p_. ] in"C,,n'x + R + _,. i
2 )2 . , !I

, i-_A%1 Sin

._in @.
1 l
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12 .Mr.Ao

C.-C22 cos _.

L

2 T

P

22

2

[ -sln; q_,, . . ...

: R _W

1 1- .... [,R

21 p sjnAB
1

slna(t: -2(l-oenae ) _]
1

.

+ C -C ooS <_

2t 1 p

* R -P.

;_1 p sln.Ae

+ C.-C cos c,
, 22 2

_T
'0 P

d_

Thus, a cIa_.s of orbital transfer equations have been £n,-mulat.ed _r.d

def [n_..d,

(14)
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Homiag can be cor.stdered as th_ act of gujdl.g a craft to a

s_tt_l.llt_ target wlth inlt_al posltfon and velocity dlfferences of

approx:.mately 2U miles and ICO ft/_C respectively, to within .05 milbs

and ,-.0_' Ft/SE..''_ Thus, orbit transfer errors are correcteo until the

Q

tucking, mar.euv_.r Can be accomplished, h coordinate s/stem with the

origin at the ,arget ve._:ic_e _s orlented _eh that:

The _l axl, }8 i_ _he larger r.,lenepointing fcrwnrd

The zl - ax,is i_redla]

Then, the flrsL order aquariUsof _etlo._ are:

z_ .. r3

h r r ": P

Make the follo','ing substttutluns:

; o = a'i-e2); n= _ ;

And c(,nsidcr_ne the pFith of m_tion to be, e_.reuler by letting e--1_O,

cquatios ('_, ,) beeches:

F : x _en2(z. cosf + Pz. ninf) + 2n(l+2eeosf) _,
×- ]

Fz = z_ -2_-,r_: x. slnr -r/(3 + tOc cosr} z_ -.,_(1-_- :'e _ost') xl

(_6)

- 71-
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CON

Note that the "e" t_rms still remai_ but that-the "e 2" and "e 3"

term_ have been canceled In as much as this simplifies the equstlous

_itaout any acpreclable loss in aCcUracy, Equmtlons (16) can be

further slmo[1ried Jf th_¢ ".e" %erms are removed entirely. This has

been sh(_wn to be permfss_bIe provided that mmndezvous is cc_plete d

wit_t.n one or{Lt of the, veh _,cle.

F
x t

The equatLons can ti._n be uritten:

"'

FY1 : Yl * n" y_ (]7)

_'z_ - "_ -3n:? _'I -Yn i I r.

Sin_. L.he:P. squat:i,_:_ have constant eoeff_.','ien_s they eLz be

wr]tten Jr, ter'_ of IA_ ;_laee t_nsforms as flollows:

._(_.) D(=)

"(=o-:.;nxo) { n._* In")

_; [s)

Y(s) = (C + _.n)_ro * )o
_ i i • Lt

,g'"* Hr,s "* (K r ¢ I)-rt"

D (,_)

( 19)

Z(z) : ('_o ",ox o)'" _o'._'_'_ Hrs + Kvn 2) ., zo(S *H.r:)(S/_ +Hr_s ÷ Kr,n_)

r, (.-,) 0 (_)

+ (_o +_'nZoJ(2nz * L_,;:) Xo(S + }',n)(Pns + Ln 2) (20)

T;(._) D (..,)

Where :

- 72-
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!nLegration of the complete Qqumt, ionS of motion for both the

target ar.d ferry vehicle must be performed for purposes of rendezvous.

3t_ertng

To accurately steer the ve,b_Lale to the point of rendezvous a

"l_ad" Ler_ perpendlCular to the line of sight must be included _n the

• steering equaticms which are c_mp_ of "thmee parts.=

(I) & llne of sight thruet t_wa_d tl_ targetl

(2) A "dampiztg _ tars proportional to velocity in the moving, _ryatem;

-Ms(ill r + Y!_r + zlkr)

(3) A "lead" term pcrpendlcuiar _ %he llne or s_ht, _nd directed

w_t/_ a sen_..o_osJ_e t.o that of the vehicle's mot:co about

the Farth or Hoon;

Thu-;:

Ln>_fxikr -zt_. _
,,,'L

'F =-K n 2 x I _8nx _Lr_ 2 z 1
x. r I

/

_"Yl: -Krn_' -_1 -Hr= Yl

z P 1 Xl
I

(2z)

Are the st_.erlng equations for rendezvous,

-7"3-
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Conculsion

Rendezv_, in _tn transfer and hc_in_, p_x_ses, has been de_,cri_u

mathematscaily. Of necessity, two _ehlcles mus% be In orbit prior _o

these phases. Thee8 vehioles ale 1-efe_-ir_dI;o as %he tar_8% and ferry

vehicles. The ferry ,Veh:Clre'8 _,l'eJ_c_Ol_ and Locs%lor_ st amy time shall

be craputed ky the earth or' lunar er.-_ro_'mer.t sections of the comput(,r.

t{owcver, for purposes of "_r:_-_nln_,,the _a]-get vehicle's t_Jector:,

sr.d }._at!on can be pl-_p_oKr_mm_.d Or _Lp_ _nt._ f2,(_rend_vous For%Ion

of the c_put.er, Them th,, ferry v_b{e_s, u.-:n& _.t_ onboard pr(_u_sIon

an{_ r_:action cor,trel _-_p_b.ilily petf_,s the neeesSa_'y rendezvous

Hy programming a_d compu_n_.£_mu_ated rendezvouz, problems on _n

,F_ 700_), the _._tmum v'{lues for H, Kr_ and L In _he steerlnE equ.stlons

we1,_- four._dto be 6, 16,, and _ re_ec_ively. OptimUm imnulsc- ouantltie_"

for p_r_,'_cualr uroblems were a]so-a.-;_:ru_lned.

- 74 -
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Section V_: VISUAL SIMULATION

A complete mathematical dsecrlption ie at once both impractical

and unnecemsary. Howe_er, a generalized .a_proach with as many

mat_mt, tical details as possible _noorp_rated, seems desirable

for trainin_ systems re_uimaments. Of necessitY, the vamlous

rsans of visual observation mu.-t be c_,idere_ separately.

wiaaow _aervati_

At _resent, five windoVa are planned for the command module.

_eral, one in the center and two on the riKht and left_ If

the astro_mut's right eye (gl).ie normal to the wlr._ow's

approximate cemtex, hi8 scope of ob_erration is a field of view

the celeati_ spt'wre, see Figure I_ As_ng the window to

be_flat, the fiehl of view cam be c_m,T_utmd as a function of the

wlndc_ area and the dlS%ance f_ _he eve to the _enter of t_

window. For ezample, if the window is clre_lar with di_-ensions

_n

shown in _re _, we hz:ve:
r
w

F I = 2 ax_tan .__
d,

(,)

Other window shaue_ would produce ooz-r_po_di-u_ fields of view

on the celestial sphere. All celes_la! bodies in this field

ef view will be seen by _the ast_rmut. This includes the sun,

moon, e_rth, fourth ms.rude stars or brighter etc, Conversely

all sources of light within the fleld enters the C.M. through

the window, _nd can be seen by E I.
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Vector dlw can be described as the resultant of two rotations

about the Z B and YB axis reopectlvely, ae shown in Figure 2.

The a_gles of rotation are _l and _i respectively. Mote that

>_'B' which is parallel to _B, only throu£h the astronaut's eye,

can be considered the ease line when projected on the celestial

sphere or at infinity.

The possibility exists that o.1=0 when viewing out the center

window, but the General case requi_es both rotations. These

can be written ma_hem_tically fr_ t_e body a_is as shown below,

Note that w r_ers in gener_l to ar_y of the _ windows, with

the individual e_les determined by cc_ module design.

YB

FIGURE 2

- ?7 -
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Consequently, vector d!w can be described as:

COS _ 1 wdlw -- 0 0 sin O_IW1 rcos _lw s£n _lw

1 I-"°L°"'< cos%<
0 c,_ 1_,_ 0

o JB

1 B

In a similar menner the c_ter line vector of the Scenninl, Tele-

scope (CliT) and the Sextant can he c,riented to the cexamand

laodule body ax/s. The correeponding angles °'-IT, _tT and _Is

_t s, vary huwever accolxling to the or_enatation of the optic,_!

instr,_e_nt. EssmaCi_', eelative %o the Euler Anfles, w,_

have simF,i_ two more _gular rotations described is:

ew _-- 0+i_1 w

where c_lw and _'lw are the addlti_n;_l rotations abc_t the ZB

and YB _es res[ectivel_, With ap_ro_rl_te subscripts, the

crientati,n uf the scanning telescoF, e ,ind sextant can slm'Lla_ly

be _esc ri_d.

[t n,ow becomes nece:;sary to £_neraiizc ,,,ind<,'._ooservations. The

__i,st steQ is t,.__:e'vethe e::e from the r:or:nal to. %_o window wni!e

keepi,-tg it in the vcrtic_i l_lane or i<_ YS F_an_ in the c._se ::f

the cent.r;_i wincicw. Zee Figure "j.

AssL_Lr<E this win.Juw _o oe ci_'cuiar, o::servatLo_ts from this

[<_Ir:tw.__ui,_cause t:_o ,,indow to ap;_ar elliptical and distort ,

the c_r',.iar ce.e6ti&i s;here field of view ditto an e/ll[se.

"" [) ._..i] J9
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The decree of dlstcrtion can be calculated from the angele [_: ]

between the norm_i _nd t_e median to the window (or plane of the

window) from the observere eye,. _,he ellipse la a (90-b t)° with

the major axis alonr the YB, as ehc_n in Figure 4. The an_le

of rotation _l -= 90--y_÷bt where TI _L8 the _r_le between t_le

elem_t of the cone of the command module bod_ and the XB a_is

or one haJ2 the vertex, angle o,(' the cosmmnd mooh_e cone. SLnce

the ;ight eye is held _nlthe XB ZB plane in thi_ c_e, _t-C

\

i\

0

FRGu 4

0

t_

Iz B

cos (90 y_ + b£

- 80 -
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The next step is tc move the eye (E1 ) to any pcsltion in the YB

ZB plane or a parallel pla_e within the command modu!e and sight

the midpoint of any of the five windows as shown in Figure 5.

CI i= any point on the XB axis an4 CIM 1 is the radius of curva-

t',_reof the C.M. cone in %hat particular plane. _A is the am4_le

Cetween ElM 1 and CIM I. The ellipse them is a (qO - el )_ ellipse.

Combiai_ these two remAlts, the degree of the final ellipse

after b_th rotations ia _3 " ¢z [@0 -b A ] wi%h the major axis

90

rotated e_ counter cloc_Ise for _I and rotated e, clockwise

for -_.t rot_%io_S.

x B --_ \
• _ ;

* ,
M,

'gB

_B

FIC.U__ §
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Th.,e nezt consideration is a window observation _ith boil: eye_ which shall

be de_oted as _ for right eye end _ for lef% eye. Thl_ nomad si t_tion

_)roduees the "blno_cular view" as :_thew_ in lPim_re 6. ReFion (E1 + W.) is

observed by botk, eyes, while re_ons (5) and. (E2) are observed by the right

and ler_ eves onlv_reen_ctively. Th_s the observation i_)ustrated in Fx_Lre

I would be a_ shown In l_re 6.

/

/

/

I

I

 (E,t
\

\
\

%,

+ +

\
\

\

\

1

(E2)'
/

/

/
/

/

PIGURE 6

- 82 -



NORTH AMERICAN AVIATION, INC,

CONFID: 

_|'A('lt'." _lurt IN_.'(llt_,! _.'1'1, )_ H__'I't_ "xl-'_ I)_' I%1()"_

/

After the _A and _ rotations, the ovservation would appear similar to the

double ellipse shown in Fip_Lre 7. Ifis reco_ized that celestial sr, here

window obaer_atlon is t_o d_iOnml in _eneral, and thu_ with the exception

of clarltv condiser,,tlons, view £s the same with one eye at a time added

to_ether, or both eyes at c_ce. In genere._, it _ only _ecessarv to

.,uperi_q:o_e the trance of one eye on t_he _,th,-'r.

When _2 ha_ any dir_-ction and _ _I and _._ _2 are. an.v r_a_ornble

rot_tion angles, _ have the _ner_.l ease shown in FiKure C,

If a Window houain_ thickness i_ co_,_eidered, another elliptical distortion

ocoure a_ shown in the shaded area in Figure 8.
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[-anllgh_ inFress or _un shafting will <_,:cur in genurad when ti_e

iur, is in the _mme hemis_lere as one of the _indc-w_, keference

In the case of a circular window, the shaft will be an e]l_

tical ¢yl_nder and will enter the" craft as a vector, in the body

frm,.:e, whose direction will d_d u[_n the orientation of the

craft relative to the suns pc,sition. Naturally, night ccn,iitions

_ill prevail when the moon ot earth pass between craft ,rod sun.

Hence_ oomple%e descrlp%ion can be formulated using appropriate

vector_ and ephemeris data, In all of these considerations, such

iteme _s wimdow _urva%ure .and glares composition have not yet been

- _.&.
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Ine_t3_ament Obse_vn to_.9_9.

Usin_ the m_,+mP+rotations in equ" t_on 2, throturh 360 ° about the ZB

and YB axis, _le follow_n6, instx_ments will scan the oel.,atial

snhere .with the Kiven fields of view and maR_nifiostions:

I_:.%.'TRI._NT _ MAGNIFInATiO_

Sc.rmin_ _lesco_ 60° to 200 i to +3 (?.oom ien_)

Sextant ._. 20

'+the field will b_ circular in these oases with a double superimposed

i_ in the sextant for alg_n_e_t.

The _c_,n,llng Telescn!_ oan be used for _meral survella:+,ce when

not bein_ uaed for naviKstJ0nnl _es.
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Sectioc _Ii: F'UNCT_ONAL BLOCK DIASPu'M (IntegI'at,ed Mo_iJ ,

':r,_3model _nteErates all previous model._ .nto on,.,=ohere1=t,

com:_l,Jte sjstem as show_ o_ the enclosed pr[r_t.

'?he Command Module re[;r_,ser.t_ the actual _ralner vlth all o_ the

simul:i_d inst,rumcnt_ _nd (._nlrols for the v,_rlous fli<ht ;'h%ses. The

cum_ ut_r int,_rface !utegrates the' C.M. with the [nstruetorn Cunzolo.,

Fi_[ght ?rogramc'r, and the equations of" motiun.

.t -T _-'=;'he varJou._ ,_nvJrc,nmer,%s are ,=,_ ,a except thn mJd_o_cse envJ ronmet_t

ur_e}, ts assumed t,o be, t,h_.e,3_JLn_t[on of Ea1"th an_ l.up.ur Env'lror_er,ts.

Tn_ res,_!t_; of the :;_u_or_ E_,'apc M(_el appear i_, the }repulsion S2xt.em

3_mpug,'r F_loc_ ;

PerLlnent ,_!e_e_=ts:,>f these models are conn,::_'tedto _;he '4[sua]

Co,m[_t(,r !I,te_t*a_¢ w?,e:'ee_eElsr, oezul%_tlon a_d OP_entet [,,n equa1_Lon8

:ir_ soiv_a. The;,: c,_mput._t_oSs _.lcni_wI_h the eui,r an[les relst}ng

e,_<:hv_sual nstrum_:,t _ :,he ._it_hL _ra_ecLor"_" are used to g_er_te

Lhe visual c_en in the Z}m'l!at:'_r.
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